Neuronal NMDA receptor (NMDAR) activation leads to the formation of superoxide, which normally acts in cell signaling. With extensive NMDAR activation, the resulting superoxide production leads to neuronal death. It is widely held that NMDA-induced superoxide production originates from the mitochondria, but definitive evidence for this is lacking. We evaluated the role of the cytoplasmic enzyme NADPH oxidase in NMDA-induced superoxide production. Neurons in culture and in mouse hippocampus responded to NMDA with a rapid increase in superoxide production, followed by neuronal death. These events were blocked by the NADPH oxidase inhibitor apocynin and in neurons lacking the p47 phox subunit, which is required for NADPH oxidase assembly. Superoxide production was also blocked by inhibiting the hexose monophosphate shunt, which regenerates the NADPH substrate, and by inhibiting protein kinase C zeta, which activates the NADPH oxidase complex. These findings identify NADPH oxidase as the primary source of NMDA-induced superoxide production.
Activation of the neuronal NMDAR initiates several downstream events, including cation influx, activation of nitric oxide synthase and formation of superoxide [1] [2] [3] . Superoxide functions as an intercellular messenger in long-term potentiation 4,5 and participates in redox inhibition of NMDAR channel function 6 ; however, superoxide can also promote neuronal death when NMDAR activation is sustained 1, 7 . Notably, the primary source of superoxide induced by NMDAR activation remains unresolved.
Initial studies suggested a mechanism in which Ca 2+ influx through NMDAR channels leads to mitochondrial depolarization 8, 9 and subsequent mitochondrial production of superoxide 10, 11 . However, a biochemical mechanism linking these events has not been identified and evidence supporting mitochondria as the primary source of neuronal superoxide production remains indirect 12, 13 . Calcium was shown to induce superoxide production in isolated mitochondria 14 , but more recent studies indicate that this effect is highly dependent on experimental conditions, especially the presence of bovine serum albumin in the medium and succinate as a metabolic substrate 13 . The important question is whether mitochondria in situ show an increase in superoxide production during NMDAR activation. In support of this, studies using cationic, oxidant-sensitive fluorescent indicators have found an increase in fluorescent signal in neuronal mitochondria after NMDAR activation 10, 11, 15 . However, this mitochondrial localization does not distinguish between intra-and extramitochondrial sources of oxidant production. Moreover, studies using inhibitors of mitochondrial electron transport to block mitochondrial superoxide production are confounded by the fact that the inhibitors also cause mitochondrial depolarization, and thus reduced uptake of the cationic indicators 16 .
An alternate source of superoxide, also activated by Ca 2+ influx, is NADPH oxidase. NADPH oxidase is a cytoplasmic enzyme that transfers an electron from NADPH to molecular oxygen to generate superoxide. NADPH oxidase was originally described in neutrophils, but has subsequently been identified in many other cell types including neurons 17, 18 . NADPH oxidase is composed of catalytic and regulatory subunits that, on activation, translocate and coalesce with an assembly subunit at a plasma or luminal membrane. Neurons and neutrophils express the NOX2 isoform of NADPH oxidase, which contains the gp91 catalytic subunit and requires the p47 phox assembly subunit 17 . Neurons may also express the NOX1 and NOX4 isoforms, both of which may also require p47 phox in some cell types 17 .
Here, we evaluated the role of NADPH oxidase in the neuronal production of superoxide induced by NMDAR activation. We found a near-complete absence of superoxide production in neurons lacking functional NADPH oxidase and in neurons in which NADPH oxidase function had been inhibited, along with markedly reduced NMDA neurotoxicity under these conditions. Our results indicate that NADPH oxidase is the primary source of superoxide production following neuronal NMDAR activation.
RESULTS

NMDAR activation induces superoxide production by NOX
We evaluated neuronal superoxide production by measuring intracellular accumulation of oxidized dihydroethidium (dHEth) in mouse cortical neuronal cultures that were preloaded with dHEth. dHEth is oxidized by superoxide or oxidant metabolites of superoxide to form fluorescent ethidium and related species, which are trapped in cells by DNA binding 10, [19] [20] [21] [22] . Real-time fluorescence imaging showed that NMDA induced a rapid increase in ethidium fluorescence that plateaued after 20-30 min (Fig. 1a) , which is consistent with prior reports 10, 15 . We obtained similar results in experiments performed at 35 1C or 21-25 1C, and all subsequent experiments were carried out at room temperature with images acquired 30 min after the addition of NMDA. Under these conditions, NMDA produced a roughly threefold increase in the number of neurons with detectable ethidium fluorescence (Fig. 1b,c) . This increase was blocked by the oxidant scavenger Trolox and mimicked by H 2 O 2 , indicating that it was oxidant induced. The NMDA-induced signal was also blocked in Ca 2+ -free medium and by MK801, which is consistent with it being the result of an NMDARmediated process, and was not blocked by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), thus excluding an effect of NMDA-induced glutamate release acting on AMPA/kainate receptors. Notably, the NMDAinduced signal was also completely blocked by apocynin, a methoxysubstituted catechol that blocks NOX2 assembly, but does not inhibit mitochondrial dehydrogenases 23 . NADPH oxidase generates superoxide using NADPH formed by the hexose monophosphate shunt. Neurons incubated with an inhibitor of this pathway, 6-aminonicotinamide (6AN) 21, 24, 25 showed no increase in ethidium fluorescence after NMDA exposure.
We also examined superoxide production in neurons prepared from Ncf1 À/À (also known as p47 phox ) mice to confirm the role of NADPH oxidase in NMDA-induced superoxide production. Cells from p47 phoxÀ/À mice are unable to assemble a NOX2 NADPH oxidase complex 21, 26 . p47 phoxÀ/À neurons showed a very attenuated NMDAinduced ethidium signal relative to wild-type neurons (Fig. 1d,e) . When incubated with H 2 O 2 , however, p47 phoxÀ/À neurons had ethidium fluorescence that was comparable to that produced in wild-type neurons, thus excluding any difference in dHEth loading or metabolism in the p47 phoxÀ/À cells.
We corroborated the ethidium fluorescence results by immunostaining for the lipid peroxidation product 4-hydroxynonenal (4HNE) 27 . Neurons treated with NMDA showed an increase in 4HNE immunoreactivity that was blocked by Trolox, apocynin or 6AN, and in cultures prepared from p47 phoxÀ/À mice (Fig. 2) . Together, these results indicate that NADPH oxidase is the primary source of NMDA-induced superoxide production.
Role of mitochondria in NMDA-induced superoxide production Studies using oxidant-sensitive dyes have suggested that mitochondria are a major source of superoxide formation during NMDAR activation 10, 11, 15 ; however, mitochondrial accumulation of the oxidized dyes results from their positive charge and does not exclude oxidant production from an extra-mitochondrial source. Here we distinguished between mitochondrial and NADPH oxidase-derived superoxide production on the basis that both glucose and non-glucose substrates support mitochondrial respiration (and thus mitochondrial superoxide production), but only glucose can support the regeneration of NADPH required for NADPH oxidase activity. Neurons maintained comparable ATP concentrations when incubated with either glucose or pyruvate (Fig. 3a) , consistent with the capacity of neurons to utilize pyruvate for oxidative energy metabolism. However, the NMDA-induced ethidium signal was not observed when the cultures were supplied with pyruvate alone (Fig. 3b) . This result cannot be attributed to superoxide scavenging by pyruvate because pyruvate did not suppress the NMDA-induced signal produced in presence of glucose (Fig. 3b) . Moreover, the concentration of pyruvate used in these studies (1 mM) had no detectable effect on dHEth oxidation by exogenous H 2 O 2 ( Supplementary Fig. 1 online) . Lactate was also found to support neuronal energy metabolism, but did not support NMDA-induced superoxide production (data not shown). Conversely, we found no reduction in NMDA-induced ethidium fluorescence when we blocked pyruvate transport into mitochondria with 4-hydroxycyanocinnamate (250 mM) or the glycolytic inhibitor iodoacetate (250 mM) 21 ( Supplementary Fig. 1 ).
We carried out additional experiments to confirm that ethidium fluorescence measurements would be capable of detecting superoxide produced by mitochondria, if this occurred. Neurons incubated with either the complex III inhibitor antimycin 28 or the protonophore p-trifluoromethoxy We found comparable ATP levels in neurons incubated with 5 mM glucose or 1 mM pyruvate, confirming that mitochondrial respiration is supported by pyruvate. ATP levels were reduced by the absence of both substrates or by the presence of FCCP (3 mM). (b) Glucose was required for NMDA-induced superoxide production and this was not suppressed by pyruvate (500 mM).
(c-g) The ethidium fluorescence method detected mitochondrial superoxide produced by neurons incubated with FCCP (3 mM, c,d) or with the complex III inhibitor antimycin (3 mM, e,f), with or without 3 mM oligomycin. This mitochondrial ethidium signal was not attenuated by 500 mM apocynin or pyruvate (c-f) or in p47 phoxÀ/À neurons (g). (h) Neurons prepared from Sod2 + mice had an attenuated ethidium response to antimycin and oligomycin relative to wild-type littermates, but had no reduction in ethidium increase following NMDA application. * P o 0.05 and ** P o 0.01 versus control, # P o 0.05 and ## P o 0.01 versus NMDA (n Z 3). Error bars indicate s.e.m.
carbonyl cyanide phenyl hydrazone (FCCP) 10 showed a two-to threefold elevation in ethidium fluorescence (Fig. 3c-f) , with or without the added presence of oligomycin to prevent ATP consumption by mitochondrial ATP synthase 9 . The ethidium signal induced by these agents was undiminished in neurons treated with 500 mM apocynin and in neurons prepared from p47 phoxÀ/À mice (Fig. 3e,g ), confirming that these conditions do not interfere with the detection of superoxide produced by mitochondria (Fig. 3g) . We also prepared neurons from mice that had a twofold overexpression of mitochondrial superoxide dismutase (Sod2 + mice 29 ). The NMDA-induced ethidium responses were not substantially different in neurons prepared from Sod2 + mice than from wild-type littermate controls (Fig. 3h) . There was, however, a significant decrease in ethidium fluorescence in the Sod2 + neurons when treated with antimycin and oligomycin (P o 0.05), which is consistent with an increased capacity for mitochondrial superoxide scavenging.
We also considered other potential sources of superoxide. Nitric oxide synthase (NOS) and xanthine oxidase can both generate superoxide 30, 31 , and NOS, similar to NADPH oxidase, is ultimately dependent on glucose for NADPH substrate. However, neurons treated with either allopurinol or gallic acid to inhibit xanthine oxidase 32 or N o -nitro-L-arginine methyl ester hydrochloride (L-NAME) to inhibit NOS 33 showed no reduction in NMDA-induced ethidium fluorescence ( Supplementary Fig. 2 online) .
Prior studies have shown that activation of synaptic and extrasynaptic NMDARs can have differing effects 34 . We found that transient activation of synaptic NMDAR with bicuculline and 4-aminopyridine produced time-linked spikes in intracellular calcium and an increase in ethidium fluorescence ( Supplementary  Fig. 3 online) , suggesting that synaptic NMDAR activation is sufficient to activate NADPH oxidase. Synaptic NMDARs were then blocked with MK801, administered with bicuculline and 4-aminopyridine 34 . Subsequent bath application of NMDA produced an additional increase in ethidium fluorescence (Supplementary Fig. 3 ), suggesting that extrasynaptic NMDAR activation can also contribute to NADPH oxidase activation.
NMDAR activation of NOX involves PKC signaling
Protein kinase C (PKC) in neurons is activated by NMDAR activation 35, 36 and studies in other cell types have identified a role for PKC in the activation and membrane translocation of NADPH oxidase 17 . We examined the role of PKC in NMDA-induced NADPH oxidase activation using PKC isoform-specific peptide inhibitors. NMDAinduced superoxide formation was blocked by pre-treatment with a TAT-conjugated PKCz peptide inhibitor (1 mM), but not by a TAT-conjugated PKCd inhibitor or by the TAT carrier peptide alone (Fig. 4a,b) . We used Fura-2 imaging to assess the possibility that the PKCz might directly or indirectly suppress NMDAR activity. Neurons treated with NMDA in the presence of the PKC peptide inhibitors showed no appreciable differences in their responses to Fura-2 (Supplementary Fig. 4 online) , as previously reported 36 .
We examined membrane translocation of p47 phox , a requisite step in NADPH oxidase activation, by immunostaining 21, 22 . p47 phox was distributed throughout the neuronal cytoplasm under basal conditions and was redistributed to the neuronal cell membrane on NMDAR activation (Fig. 4c,d ). This redistribution was consistently blocked in cultures treated with the PCKz inhibitor, but not by the PKCd inhibitor or TAT carrier peptide alone (Fig. 4c,d ). p47 phox immunoreactivity was absent in p47 phoxÀ/À neurons and in cultures that were not incubated with antibody to p47 phox (data not shown).
Cultures exposed to NMDA for 30 min showed substantial neuronal death 24 h later, as evidenced by cytoplasmic membrane permeability to trypan blue (Fig. 5a,b) . Neuronal death was reduced to control (wash only) values in cultures co-treated with the antioxidant Trolox, consistent with prior reports that identified superoxide as an important intermediate in NMDA excitotoxicity 1,7 . Cell death was similarly reduced by drugs or conditions that blocked NADPH oxidase activity (apocynin, 6AN, PKCz inhibition and glucose-free medium) and in cultures prepared from p47 phoxÀ/À mice (Fig. 5) . The p47 phoxÀ/À neurons did, however, retain their sensitivity to H 2 O 2 , thus excluding a nonspecific resistance to cell death. NMDA neurotoxicity was not reduced by the xanthine oxidase inhibitors allopurinol or gallic acid ( Supplementary Fig. 2) , which is consistent with the lack of effect of these compounds on NMDA-induced superoxide production. In contrast, L-NAME reduced neuronal cell death ( Supplementary  Fig. 2) , consistent with prior studies linking nitric oxide production to NMDA excitotoxicity 2 .
NOX inhibition blocks superoxide production in vivo C57/Bl6 mice that were preloaded with dHEth and given NMDA injections into the hippocampus showed a robust increase in ethidium fluorescence in hippocampal neurons (Fig. 6) . Mice that were injected with NMDA were also pre-treated with CNQX to block responses that could occur as a result of NMDA-induced glutamate release on AMPA/ kainate receptors; however, we obtained identical results from mice that were not injected with CNQX (data not shown). The NMDA-induced ethidium signal was markedly reduced in wild-type mice that were pretreated with apocynin and was almost eliminated in p47 phoxÀ/À mice (Fig. 6a,b) . The ethidium signal was also reduced in mice treated with the peptide inhibitors for either PKCd or PKCz, but not in those treated with the TAT carrier peptide (Fig. 6c,d ). Ethidium binds to nuclear DNA and thus does not provide the spatial localization of superoxide production. To better delineate the sites of superoxide production, we immunostained mouse hippocampal sections for 4HNE following stereotactic NMDA injections. 4HNE was formed in both the cell bodies and proximal dendrites of the wild-type hippocampal pyramidal neurons, with little 4HNE formation occurring in p47 phoxÀ/À mice (Fig. 7) .
In a separate set of experiments, we maintained mice for 3 d following NMDA injections to examine the effects of NADPH oxidase inhibition on NMDA neurotoxicity in brain. Fluoro-Jade B staining revealed extensive neuronal degeneration in hippocampi injected with NMDA (Fig. 6e,f) . Consistent with our ethidium fluorescence results, the NMDA-induced neurodegeneration was markedly reduced in wildtype mice treated with apocynin and in p47 phoxÀ/À mice.
DISCUSSION
These results provide four lines of evidence supporting NADPH oxidase as the primary source of NMDA-induced superoxide production in neurons. First, inhibition of NADPH oxidase with apocynin blocked the oxidation of dHEth, the formation of 4HNE and the neuronal death that otherwise resulted from NMDAR activation. Second, p47 phoxÀ/À neurons, which do not form a functional NOX2 NADPH oxidase complex, also showed a near-complete absence of these responses to NMDA. Third, glucose is specifically required to fuel NADPH regeneration through the hexose monophosphate shunt, and when we blocked flux through this pathway with either glucose-free medium or 6AN, we found reduced dHEth oxidation, 4HNE formation and neuronal death. Fourth, neurons treated with a peptide inhibitor of PKCz, which is involved in p47 phox phosphorylation and NADPH oxidase activation 37 , showed reduced membrane translocation of p47 phox , reduced superoxide formation and reduced cell death after NMDA exposures. We corroborated these cell culture results with experiments using NMDA injections into mouse hippocampus in situ; NMDA injections induced neuronal superoxide production and subsequent neuronal death and these were prevented by apocynin, p47 phox gene deficiency and PKCz inhibition.
Our cell culture results indicate that superoxide is generated by neurons after NMDAR activation and our in vivo studies found that the ethidium signal was localized to the CA1 neuronal pyramidal layer after hippocampal injection of NMDA. We cannot formally exclude the possibility that other cell types such as microglia may contribute to the superoxide that we detected in the neurons in vivo, but non-neuronal cell types are distributed diffusely throughout the hippocampus and would therefore be unlikely to contribute to the ethidium signal, which was confined to the CA1 pyramidal layer. In addition, non-neuronal cells have little or no NMDAR activity, and brain harvest at 30 min after NMDA injections precludes the possibility of an astrocyte or microglial inflammatory response to neuronal cell death. Prior studies have suggested that mitochondria are a primary source of NMDA-induced superoxide production on the basis of mitochondrial localization of oxidant-sensitive fluorescent indicators and a reduction in this mitochondrial signal with mitochondrial inhibitors 10, 11, 15, 38 . However, the localization of oxidized dyes to the mitochondria does not itself establish that mitochondria are the source of oxidant production, as demonstrated by oxidation of mitoSOX in neuronal mitochondria by xanthine/xanthine oxidase added to the culture medium 39 . A reduced fluorescent signal in response to mitochondrial inhibitors is therefore insufficient to establish mitochondria as the oxidant source, as these inhibitors also cause mitochondrial and plasma membrane depolarization, with the resultant dye efflux 16 . We used an alternative approach to identify mitochondrial superoxide production, which was based on the ability of non-glucose substrates such as pyruvate to support mitochondrial respiration. In our experiments, the lack of an NMDA-induced ethidium signal in cultures supplied with pyruvate in place of glucose provided independent evidence that mitochondria are not the primary source of NMDAinduced superoxide production. In addition, neurons prepared from Sod2 + mice showed no reduction in the NMDA-induced ethidium signal, despite the fact that these neurons have a twofold increase in mitochondrial superoxide dismutase expression 29 and have an increased capacity to scavenge superoxide production induced by the mitochondrial complex III inhibitor antimycin.
Evidence for cross-talk between mitochondria and NADPH oxidase has been reported in non-neuronal cell types 40 . The possibility that a small superoxide signal originating in the mitochondria could trigger a larger superoxide production by NADPH oxidase could reconcile our results with those of prior studies that have suggested a major role for mitochondria in NMDA-induced neuronal superoxide production. However, the undiminished superoxide signal observed in both Sod2 + neurons (Fig. 3h) and wild-type neurons treated with inhibitors of substrate flux to the mitochondria ( Supplementary Fig. 1 ) argues against this scenario. Alternatively, an initial superoxide signal produced by NADPH oxidase could induce an additional, secondary superoxide production from mitochondria. Mitochondria normally act as sinks for extra-mitochondrial sources of reactive oxygen species 12 , but can become net generators of reactive oxygen species if their antioxidant mechanisms are impaired or overwhelmed. The undiminished superoxide production observed in Sod2 + neurons also weighs against mitochondria being a substantial secondary source of superoxide, but does not entirely exclude this possibility.
Superoxide that is produced by NADPH oxidase and other sources can be detected with dHEth 10, [19] [20] [21] [22] 41 . The oxidation of dHEth to 2-hydroxyethidium is highly specific for superoxide under cell-free conditions, but peroxidases that are present in living tissues can enable other oxidants, such as H 2 O 2 , to react with dHEth, either alone or in sequence with superoxide, to generate multiple fluorescent products with overlapping spectra 19, 20 . These other oxidants are derived from superoxide 42 , however, and our finding that the NMDA-induced ethidium signal was blocked by both Trolox and by pharmacologic or genetic ablation of NADPH oxidase activity provides confirming evidence that the ethidium signal that we detected is primarily attributable to superoxide or superoxide metabolites.
NMDAR activation gates a large calcium influx, and this calcium influx has been definitively linked to both superoxide production 10, 38 and NMDA neurotoxicity 43 . Calcium influx is also a strong stimulus for NADPH oxidase activation. Intracellular Ca 2+ elevations activate PKC, which in turn phosphorylates p47 phox , the organizer subunit of NOX2 (ref. 17) . The phosphorylation of p47 phox triggers its assembly with the other NOX2 subunits and translocation to the membrane as an activated enzyme complex 17, 44 . Several PKC isoforms, including PKCz and PKCd, have been found to participate in p47 phox phosphorylation and NOX2 activation in different cell types 37, 45 . Our findings indicate that PKCz is the primary isoform that is responsible for p47 phox translocation and NOX activation in cortical neurons cultures, but also suggest that PKCd may contribute to this process in both neuron cultures and hippocampal pyramidal neurons in situ. Both PKCz and PKCd have been shown to mediate neuronal death induced by NMDAR activation and ischemia 36, 46, 47 , and our results thus provide a potential mechanism for these effects. These results also suggest a mechanism by which PKCz can facilitate long-term potentiation 48 , in which glutamate-induced superoxide formation is a contributing factor 4,5 .
Our results identify a dominant role for NADPH oxidase in NMDAR-mediated superoxide formation, but these results do not negate the potential for mitochondrial superoxide production in other settings. Conversely, NADPH oxidase in neurons and other cell types may also be activated by mechanisms independent of NMDAR activation. Our finding that NMDAR stimulation triggers NADPH oxidase activation provides a mechanistic link between excitotoxicity and oxidative stress and suggests that targeting neuronal NADPH oxidase may be an effective way to influence these NMDARmediated processes.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website. 
ONLINE METHODS
Animals. Experiments were carried out in accordance with protocols approved by the San Francisco Veterans Affairs Medical Center Animal Studies subcommittee. Swiss Webster mice were obtained from Simonsen. Wild-type and p47 phoxÀ/À mice on the C57/Bl6 background were obtained from Jackson Laboratories. The p47 phoxÀ/À mice were maintained as homozygotes by using fresh breeder stock, fully backcrossed to wild-type C57/Bl6 mice after every eight generations. Sod2-overexpressing mice (Sod2 + ) were generated previously 29 and subsequently outbred to the C57/Bl6 background and maintained as heterozygotes. Cultures were prepared from Sod2 + Â wild-type matings, which yield Sod2 + and wild-type littermate embryos. Cell culture reagents were obtained from Mediatech and all other reagents were obtained from SigmaAldrich, except where noted. Data analyses for all studies were performed by observers blinded to the experimental conditions. Neuron cultures. Cultures were prepared from the cortices of embryonic day 16 mice and plated in 24-well culture plates or poly-D-lysine-coated glass coverslips 21 . After 1 d in culture, 10 mM cytosine arabinoside was added for 24 h to prevent glial proliferation. The neurons were subsequently maintained with serum-free NeuroBasal medium (Gibco) containing 5 mM glucose and used after 9-10 d in vitro. These cultures contained 495% neurons and no detectable microglia 22 . Experiments were initiated by exchanging the culture medium with a balanced salt solution (BSS) containing 1.2 mM CaCl 2 , 0.8 mM MgSO 4 , 5.3 mM KCl, 0.4 mM KH 2 PO 4 , 137 mM NaCl 2 , 0.3 mM NaHPO 4 , 5 mM glucose and 10 mM 1,4-piperazinediethanesulfonate buffer (pH 7.2). Drugs were added from concentrated stocks in BSS. Where used, drugs were added to the culture medium 10 min before the addition of NMDA or H 2 O 2 .
Immunostaining. Formaldehyde-fixed cultures were immunostained as described previously 22 using rabbit antibody to 4HNE (Alpha Diagnostics International, 1:500 dilution), mouse antibody to microtubule-associated protein 2 (MAP2, Chemicon International, 1:500 dilution) and rabbit antibody to p47 phox (Millipore, 1:500 dilution). Antibody binding was visualized with Alexa Fluor 488-conjugated antibody to mouse IgG or Texas Red 594-conjugated antibody to rabbit IgG (Invitrogen). Images were obtained using confocal microscopy using step-wise 1-mm z stack sampling. For quantification of 4HNE immunostaining, neurons were designated as 4HNE-positive if fluorescence was 50% greater than background fluorescence. Neurons were analyzed in three randomly chosen optical fields from each of four wells per experiment, with 4100 neurons per well for a total of 400-500 neurons per experiment. p47 phox membrane translocation. We used MAP2 immunostaining to identify the neuronal plasma membrane. The area of p47 phox immunoreactivity overlapping with MAP2 immunoreactivity was analyzed in confocal images through each neuron and expressed as a ratio to the area of p47 phox immunoreactivity that was not overlapping with MAP2. These ratios were calculated for all cells in each treatment group and compared by the KruskallWallis test with the Dunn post hoc test for multiple group comparisons.
PKC peptide inhibitors. TAT-conjugated peptide inhibitors were prepared with the amino acid sequences described previously 36 and generously provided by D. Mochly-Rosen (Stanford University). Stock solutions in DMSO were diluted 41:10,000 into BSS for use in cell cultures or into sterile water for use in mice.
Superoxide detection. We added 5 mM dHEth (Invitrogen) to cultures 10-20 min before the addition of NMDA or H 2 O 2 and maintained it throughout the duration of the experiment. The cultures were photographed at the specified time points with a fluorescence microscope (Axiovert 40 CFL, Zeiss) using 510-550-nm excitation and 4580-nm emission. Neurons were designated as ethidium-positive if the mean perikarya fluorescence was greater than 50% above background fluorescence 22 . Neurons were analyzed in three randomly chosen optical fields from each of four wells per experiment, with 4100 neurons per well for a total of 400-500 neurons per experiment. For realtime imaging, images were acquired with 510 ± 15-nm excitation at 2-min intervals (40-ms exposure). The change in raw fluorescence for each neuron in the field of view was then normalized to baseline fluorescence before stimulus. Values were averaged from 8-12 neurons per experiment, with the n being the number of experiments from independent culture preparations.
For in vivo experiments, dHEth was prepared as a 1 mg ml À1 solution in 1% DMSO (vol/vol) and administered at 1 mg per kg of body weight by intraperitoneal injection 22 . Adult male C57/Bl6 wild-type or C57/Bl6 p47 phoxÀ/À mice were anesthetized with 2% isoflurane and placed in a stereotaxic frame. The right hippocampus (anterior-posterior 2.5 mm, medial-lateral 2 mm and dorsal-ventral 2 mm from Bregma and the cortical surface) was injected with 6 nmol of NMDA in 1 ml of saline vehicle over 5 min, beginning 30 min after the dHEth injections. Anesthesia was discontinued immediately after the NMDA injections. Mice receiving NMDA also received 1 mg per kg CNQX, and some mice also received 15 mg per kg apocynin or 0.2 mg per kg TAT-conjugated peptide PKC inhibitors. CNQX, apocynin and the peptide PKC inhibitors were given by intraperitoneal injection 20-30 min before the NMDA injections. All drugs were prepared in sterile saline and controls received equal volumes of saline vehicle.
Mice were killed and perfusion-fixed with 4% formaldehyde (wt/vol) 30 min after the NMDA injections. Cryostat sections were prepared and photographed with a confocal fluorescent microscope with excitation at 510-550 nm and emission 4580 nm to detect oxidized ethidium species 21, 41 . We analyzed five sections from each brain, which were taken at 40-mm intervals to span the hippocampus. The fluorescence of ten representative CA1 hippocampal neuron cell bodies was measured and normalized to background fluorescence in the stratum radiatum. The normalized values for the 50 neurons were averaged to generate a single value for each brain.
Intracellular calcium imaging. Neurons were loaded for 30 min with 4 nM Fura-2 a.m. (Molecular Probes) and washed once with BSS before imaging. Images were acquired at 1-min intervals with 30-ms exposures, using excitation at both 340 and 380 nm and emission at 4510 nm. The mean fluorescence measured in each neuron in the field of view for both 340-and 380-nm excitation. Raw fluorescence was then normalized to baseline levels before stimulus and the ratio of 340/380-nm fluorescence was calculated from these normalized values.
Cell death. Death of cultured neurons was quantified by trypan blue staining 24 h after NMDA exposures 49 . Neuron death in mouse hippocampus was evaluated 3 d after NMDA injections by the Fluoro-Jade B method (HistoChem) 21 . We collected five coronal sections from each animal, which were spaced 40 mm apart and spanned the hippocampus. The total number of Fluoro-Jade B-positive neurons was counted in the hippocampal CA1 cell field of both hemispheres. Data from each animal were expressed as the mean number of degenerating neurons per hippocampal section.
Statistical analyses. Except where noted, data are expressed as mean ± s.e.m. and were assessed using one-way ANOVA followed by Tukey's test for multiple comparisons between groups.
